ABSTRACT
INTRODUCTION

45
Numerous neural changes occur with healthy aging that affect the control of motor output. With 46 age, there is evidence that cortical motoneurons deteriorate (Eisen et al. 1996; Nordahl et al. 2006 ), the 47 number of spinal alpha motoneurons decreases (Masakado et al. 1994; Roos et al. 1997) , and the signal 48 transmitted through corticospinal and reflex pathways to the motoneurons slows down (Henderson et al. 49 1980). These age-associated changes may affect the discharge characteristics of motor units and 50 consequently make voluntary movement more variable (Enoka et al. 2003; Roos et al. 1997) . In older 51 adults, this amplification in motor output variability is functionally significant as it has been associated 52 with deficits on activities of daily living such as walking (Grabiner et al. 2001; Taylor et al. 2012), 53 maintaining balance (Kouzaki and Masani 2012), driving (Langford et al. 2006) , and grasping objects 54 (Weir et al. 1998 ).
55
The increased motor output variability in older adults has been linked primarily to two motor 56 unit discharge characteristics. The first is motor unit discharge rate variability, which refers to the 57 inconsistency of the interspike interval of a single motor unit. The greater the motor unit discharge rate 58 variability the larger the force variability (Enoka et al. 2003; Laidlaw et al. 2000) and movement 59 variability (Kornatz et al. 2005 ) in older adults. The second is motor unit modulation, which refers to 60 the frequency modulation of the generated action potentials. Motor unit coherence is typically used as a 61 measure to determine the strength of common oscillations between two active motor units, and has been 62 used as an indicator of modulation of the motoneuron pool (Halliday et al. 2003; Semmler et al. 2003) . It 63 has been demonstrated that motor unit coherence is greater in older adults particularly between 5-9 Hz 64 (Semmler et al. 2003) and is possibly associated with greater motor output variability (Enoka et al. 2009 ) despite the fact that the control of the motor output necessitates the integration of multiple active 71 motor units (De Luca 1985; Mottram et al. 2005) . It remains unclear whether the practice-induced 72 reduction in motor output variability of older adults is associated with changes in the discharge rate 73 variability of multiple motor units. Furthermore, an important but unresolved question is whether 74 practice reduces motor unit discharge rate variability by changing the modulation of the motoneuron 75 pool at a specific frequency. This question can be inferred from the theoretical claim that the oscillatory 76 activation of neurons occurs to change the timing of neuronal discharges (Engel and Fries 2010) .
77
For this study we quantify multiple motor unit spikes within the first dorsal interosseus muscle 78 while older adults practiced a slow sinusoidal movement with the index finger. Our purpose was to 79 determine whether the practice-induced improvement in movement variability was associated with 80 changes in the discharge characteristics of multiple motor units. We hypothesized that practice of the 
Multi-motor unit recordings
111
We measured the activation of the first dorsal interosseous (FDI) muscle with a custom-made inserted, the electrode remained within the muscle until the experiment was completed. A reference 118 electrode was placed on the ulnar styloid process. The multi-motor unit recordings were amplified Warwick, RI, USA). The signal was sampled at 10 kHz with a Power 1401 data acquisition system 121 (Cambridge Electronic Design, Cambridge, UK) and stored on a personal computer. 
131
MVCs were used to test whether the experimental task induced muscle fatigue (difference in MVC 132 before and after the session). Multi-motor unit discharge. We used a global measure of motor unit discharge to quantify 155 neuromuscular changes during task acquisition. We chose to measure multiple action potentials for this 156 study because: 1) a measure of multiple action potentials better represents the motorneuron pool 157 behavior; 2) changes in behavior due to practice may alter the activity of the motoneuron pool. Action 158 potentials from multiple active motor units (spikes) were identified as a single train and were analyzed 159 using custom-written programs in Matlab (The MathWorks, Natick, MA). Spikes were selected for 160 analysis only if the peak of the action potential exceeded a threshold. The threshold was set as two 161 standard deviations above the mean baseline of the intramuscular recording during rest (noise; Figure   162 2A).
163
We quantified multi-motor unit discharge activity by calculating the following parameters from Figure 2B ). We used ISIs that were greater than 8.3 ms (fastest spike rate allowed 170 was 120/s) and less than 1000 ms (slowest spike rate allowed was 1/s). We chose 8.3 ms as our shortest spikes. Prior to calculating the SD for the CV ISI , the ISIs were detrended using a least-squares regression 175 method (detrend; Matlab command, The MathWorks, Natick, MA).
176
A spectral analysis on the discharge rate was performed to determine whether practice of the task 177 changed the frequency modulation of the spikes. The methods used to perform the spectral analysis 178 have been detailed elsewhere (Mottram et al. 2005) , and will be discussed here in brief. A standard 179 spectral analysis of a motor unit discharge train will produce a large peak at the mean discharge rate 180 (Christou et al. 2007b; Halliday et al. 1995) and may not reveal the underlying modulation of the motor 181 unit discharges, especially because the MSR was ~30 Hz. Therefore, the approach used for this study 182 modeled the discharge rate as a continuous (Mottram et al. 2005 ) rather than a discrete signal (i.e. a 183 point process). To do this, the absolute discharge times from the spikes were identified first, where each 184 spike that exceeded the threshold was assigned a value of 1 and non-spikes were assigned 0 (Fig. 2B ).
185
Next, the ISIs were calculated as the time between two consecutive spikes and made into a continuous 186 signal (Fig. 2C) . The ISIs were then smoothed using a kernel approach (Gerstner and Kistler 2002; (Fig. 2D, black trace) . The power spectrum of the discharge rate was estimated using Welch's 191 average periodogram method with 50% overlapping windows. The window size was calculated as 20% 192 of the total segment length (9 segments). The power spectrum of the discharge rate was divided into the 193 following three frequency bands: 5-12, 13-30, and 31-60 Hz. Modulation of motor units between 5-12 linked with cortical activity (Farmer 1998; Farmer et al. 1993) , and between 30-60 Hz has been 196 associated with rhythmic oscillations during strong voluntary contractions (Brown et al. 1998) . The sum 
RESULTS
217
Behavioral adaptations with practice 218 We examined the adaptations in movement accuracy, movement trajectory variability, and MVC Figure 3A ) and movement trajectory variability (SD, P 222 < 0.001; Figure 3B ) from Block 1 to Block 8. The decrease in movement trajectory variability with 223 practice was associated with improvements in movement accuracy (R 2 = 0.46, P = 0.045; Figure 3C ).
224
The MVC force before and after completion of practice was not statistically different (pre MVC = 20.9 225 N, post MVC = 20.0 N; P = 0.753).
226
Please insert Figure 3 near here.
227
Adaptation of multi-motor unit discharge with practice
228
We examined the practice-induced adaptations in multi-motor unit discharge by examining the 229 mean spike rate (MSR), spike rate variability (CV ISI ), and frequency modulation (power spectrum from Figure 5A ) and a 245 decrease in the CV ISI (R 2 = 0.70, P = 0.006; Figure 5B ). 
247
Association between multi-motor unit discharge and behavior 248 We examined whether the practice-induced change in multi-motor unit discharge was associated 249 with improvement in movement behavior. Interestingly, all three measurements of multi-motor unit 250 discharge were associated with reduction in movement trajectory variability (P < 0.005) but not with we provide novel evidence that with practice the nervous system increases the spike rate and modulation 265 of the spikes from 13-30 Hz to reduce spike rate variability. These results, therefore, suggest that older 266 adults can improve their movement steadiness with practice likely by increasing the neural drive to the 267 muscle within specific frequencies.
Practice-induced changes in multi motor unit modulation
270
The most important observation in this paper was that increased modulation of the motoneuron (Baker et al. 1997; Conway et al. 1995; Farmer et al. 1993; Salenius et al. 1997) . Several practice, subjects can decrease their reliance on sensory feedback and the task can be performed with 295 less intensive sensory feedback processing (Halsband and Lange 2006) . Consequently, the enhanced 296 spike rate modulation within 13-30 Hz observed in the current study may reflect improved sensory 297 processing in our subjects.
299
Practice-induced changes in multi-motor unit spike rate 300 Another major finding from the present study is that the practice-induced improvements in 301 movement variability were associated with an increase in the mean spike rate ( Figure 6A ). This finding 302 leads to the following question: why does the mean spike rate increase with practice of a fine motor 303 task?
304
The increase in MSR may be related to an active strategy by higher centers to decrease motor 305 unit discharge rate variability. As expected, the increase in MSR was associated with lower CV ISI (R Although we don't know whether the increase in MSR is related to an increase in discharge rate (Kleim et al. 1998b; Kuhn et al. 2004) . Moreover, motor learning is associated with a 334 reorganization of cortical representations of the muscles involved with the task (Kleim et al. 1998a; 335 Nudo et al. 1996; Remple et al. 2001 ) and increases in cortical excitability (Pascual-Leone et al. 1995; 336 Perez et al. 2004 ). In the current study, practice-induced adaptations within the primary motor cortex 337 may have increased the descending drive to the motoneuron pool. This would result in a greater number 338 of motoneurons recruited in the spinal cord or greater discharge rates, and hence, an increase in MSR.
339
These neural adaptations can lead to better modulation of cortical motor output onto the muscles that 
Methodological considerations
344
Intramuscular electrodes have commonly been used to record and assess motor unit discharge 345 characteristics from single motor units (De Luca et al. 1982; Duchateau and Enoka 2011; Farmer et al. 1993) . In this study we recorded FDI motor unit discharge using an intramuscular wire electrode. One 347 limitation when using intramuscular electrodes is the possibility of electrode movement when the 348 muscle contracts. We tried to minimize electrode displacement by requiring the subjects to make very 349 slow movements within a small range of motion (10° abduction-adduction in ~8.3 seconds).
350
Furthermore, we taped the electrode wires to the subject's skin to prevent shifting of the electrode 351 during the experiment.
352
In comparison to surface electrodes our intramuscular electrode only provided a small view of 353 muscle activity (~5 mm detection area). Nonetheless, our technique allowed us to measure spike 354 activity with lower impedance and our recordings were less likely influenced by motor unit cancellation 355 compared with measurements using surface electrodes (Keenan et al. 2005) . One limitation to our 356 method, however, was the inability to differentiate between motor units. Therefore, we were unable to 357 determine whether changes in the MSR were a result of changes in discharge rate or recruitment of new 358 motor units. Yet, independent of the exact mechanism, we were able to demonstrate that in older adults 359 reductions in movement variability were associated with altered motor unit modulation.
361
Conclusions
362
In conclusion, older adults were able to decrease movement variability and this improvement in 363 performance was associated with an increase in the MSR, a decrease in the CV ISI and an increase in 364 power within 13-30 Hz. To our knowledge, our study is the first to relate spike rate modulation within 
